A rapid pyrolysis technique, combined with gas chromatographic separation and interpretation of mass spectra obtained from the resulting pyrolysis-pyrosynthesis products, has been used in the study of three different compounds present in processed tobacco: n-C2S alkane, neophytadiene and phytol. The compounds are representative for a homologous series of n-alkanes and for a series of branched-chain compounds including neophytadiene, phytol, solanesol and esters of solanesol (tobacco constituents).
Aromatization leading tO relatively less methyl substitution results with increasing temperature. Previous pyrolysis work and recent interpretations point to the formation of structures such as acenaphthylene, acenaphthene, cydopenta[cdjpyrene, 3,4-dihydrocydopenta[ cdjpyrene and probably similar structures derived from three and four-membered condensed ring structures produced.
• The o.im. of !be preoent researcb io to ocudy the prodncto l'l!inhing from pyrolyili of single compoundo, isolable from tobacc<> leaveo, the pyrolysis beillg corried our at variouo temperatureo. Tbe compoundo are of the nnbrancbed, nol'lllal alkane rype 111d of a brancbed iooprenoid type.
'
As tbe occurrence of botb normal alkaneo and iiiOprenoid compouDd.o is widesyread ill plaou 1.11d ill fuel <>il the re•uhs of the pyrolysis may be of intem~t beyoDd the field of tobw:o .eoearcb. N<>rmal alkanes are preoent in the aerial parU of moot planu. Pbytol io a port of chloropbyll bonnd u an ester. Neophytadiene may be formed from p.bytol by an CIIZymatic elimination procedure (12).
Normal C., alk1.11e, pbytol and neopbytadiene have been cbo1en for the pyrolyoio uperimento u they all occur in tobacco leueo. AlthoDgb the three compounds are repreoentative enmples from narure, many other naturally ocourriDg componnd.o may be upected t<> be convened int<> aro<natic bydrocarb<>no under o.im.ilar pyrolytic conditioDo. Tbuo, for iDotance fatty acids ofteo occur in great amounts in fats from pLmu and in animal tiS$UOS. Tbey contain aJipbatic hydrocarbOJI cbai.n.o, henoe they ob<>nkl alo<> be Cl<pOCted to fol'lll aromatic bydrocarbo11.1 by pyrol)'llio at bigh temperatureo.
INSTRUMENTS AND EXPERIMENTAL
A lab<>rotory-built microfumace of a oim.ilor type to the one deocribed by t.or..,., So/Ji and lJoHgW (13) 
RESULTS AND DISCUSSION
Pyrolyois of the <>rganic materialnudied d0011 Dot result in ar<>nuotizati<>n unt:il the temperature exceedo 500 to 600 'C, starting with f<>rmoti<><> of be,..ene, l<>luenc and 1ylenes and with iDcreuing omoonll yroduced at bigher temperatures. Ar a f~rot glaoce, the normal alkane• seem to iD<licate tbat a special reaction O<X:Un at the disintegration of the molecules since a series of normal alkenes (C 4 to C 22 alkenes from n-C 25 alkane) is produced at about 600 ·c (see Fig. 1 ). There is, however, a similar breakdown taking place for the isoprenoid substances neophytadiene and phytol starting at even lower temperature (about 500 ·c).
The branched isoprenoid compounds produce unsaturated elements of alkene, alkadiene and alkatriene or unsaturated ring structures, particularly compounds formed by cleavage at the branched sites of neopbytadiene (see Fig. 2 and Table 1 ) and of phytol. The clearest pattern of this is best studied by correlating the gas chromatograms from the pyrolysis of neophytadiene at 550 "C with Table 1 . The phytol eliminates water forming branched diene molecules of the same molecular weight as that of neophytadiene. They react as neophytadiene does by breaking down to smaller unsaturated molecules, and they also react by forming aromatic hydrocarbons at generally lower temperatures than normal alkanes. By inspection of Figures 1 and 2 it may be noticed that breakdown of the molecules leading to total disintegration and start of aromatization occurs at slightly lower temperature for the isoprenoid compound neophytadiene than for normal alkanes. Traces of benzene, toluene and xylenes were produced by pyrolysis of n-C 25 alkane at 600 •c, whereas for neophytadiene pyrolysis at 550 "C leads to formation of traces of the same aromatic hydrocarbons. By study of the gas chromatogram from the pyrolysis of n-C 25 alkane at 650 •c (see Fig. 1 ) it is obvious that the decomposition has increased with only a faint alkene pattern left and with increased formation of other compounds, namely benzene and toluene and minor amounts of styrene and xylenes. At even higher temperatures (700 "C), the resulting pattern of the gas chromatogram almost entirely agrees with the aromatic hydrocarbon formation. Figure 2 presents the gas chromatograms resulting from the pyrolysis of neophytadiene at 500, 550 and 600 ·c. At 500 •c a slight disintegration takes place, strongly increasing by 550 •c, with a slight aromatization leading to the formation of benzene, toluene and xylenes, and with an even higher degree of aromatization occurring at 600 "C. The amounts of recovered neophytadiene, branched alkenes and alkadienes produced during pyrolysis are decreased at 600 "C compared to soo·c.
When phytol is pyrolysed at 550 "C at least five phytadienes seem to be formed with different retention times in the gas chromatogram (all with the molecular weight of 278 corresponding to that of neophytadiene). The gas chromatogram moreover is very much like that of neophytadiene from the pyrolysis of this compound at 550 "C with respect to the "fragments" appearing with increasing molecular weight up to the order of magnitude of C 15 H 30 , an isoprenoid alkene. The possibility of thermal isomerization of neophytadiene during the smoking process is discussed by Alan Rodgman (14) . We have not observed a preformation of isomeric phytadiene molecules by the pyrolysis of neophytadiene. It is thus more realistic to expect the formation of different phytadienes to be derived from phytol or phytol bound as an ester in the tobacco. This is supported by the fact that chlorophyll-bound phytol yields several phyudienes, when specific geological material containing chlorophylls is pyrolysed at 610 "C (15) .
The increase in temperature for normal alkane pyrolysis as well as for pyrolysis of the isoprenoid compound generally leads to more-condensed aromatic ring structures. However, a competition between decomposition and pyrosynthesis seems to occur (cf. the formation of benzo[a]pyrene at various temperatures) (16) . A quite dear. picture of the reactions which are taking place cannot be given at present as a series of radical mechanisms appears to be involved in the building of aromatic hydrocarbons at various temperatures. Furthermore, it seems likely that slightly different building blocks are taking part in the aromatization, when the compounds are produced either from normal alkanes or from isoprenoid compounds. Aromatic hydrocarbons may react mutually, under suitable conditions. Two molecules of naphthalene may form perylene or benzofluoranthenes. Naphthalene plus benzene may give rise to fluoranthene (16, 17) . Although the attempts to correlate the formation of aromatic hydrocarbons quantitatively have not been very successful it is obvious from the integration of the gas chromatograms that benzene plus toluene constitute more than 50% of the total amount of aromatic hydrocarbons formed, when n-alkanes and branchedchain alkanes are pyrolysed at about 700 •c, in good agreement with the results obtained by Badger et al. (6, 18) . The relative amount of styrene is about 9, 25 and 32% when n-C 25 alkane, neophytadiene, and phytol are pyrolyzed at 750 "C, respectively. At 825 ·c the corresponding values are 29, 31 and 32%, and at 900 "C the pyrolysis yields 29, 20 and 15 %, respectively, of the total amount of aromatic hydrocarbons formed. The relative percentage values were obtained by integration of the gas chromatograms. The observation that the aromatization processes are progressing at slightly lower energy with the branched-chain compounds than with the normal alkanes and that competition between aromatization and decomposition changes in favour of decomposition at increasing energy seems to agree well with the above-mentioned results. Although there is a general increase in the amount of naphthalene formed with increasing temperature from 750 to 900 •c in all three cases, and although generally with higher temperature more-condensed ring systems are formed, there is still an increasing amount of benzene from the pyrolysis of neophytadiene and phytol, whereas the relative amount of benzene decreases in the case of normal alkanes. The amount of toluene and xylenes is decreasing relatively with increasing pyrolysis temperature in all three cases (n-alkanes, neophytadiene and phytol). Whereas the formation of methyl-substituted aromatic hydrocarbons such as toluene, xylenes, methylnaphthalene and methylphenanthrene seems to decrease with increasing temperature, the formation of acenaphthene, acenaphthylene and similar products should perhaps not be neglected (1) . After pyrolysis of all three compounds, n-alkanes and the two isoprenoids, at high temperatures (700-950 •c) the mass spectra reveal the presence of compounds with molecular weights of (190), 192, 202, 204, 216, 226, 228, (240), 242, 250, 252, 254, 276 and 278. The molecular weights of 202, 204, 226, 228 and 252 are all represented in more than one peak of the gas chromatogram, and thus they represent two or more compounds formed for each figure.
Corresponding to the molecular weights of 226 and 228 several possible structures exist, however cydopenta[ cdJpyrene and 3,4-dihydrocyclopenta[ cdJpyrene are compounds isolated (especially the cyclopenta[cdJpyrene) from a selected carbon black in a relatively great amount (60 times as much as benzo[a]pyrene) (19) . Figure 3 shows possible structures for the molecular weights listed above; many other structures are possible, which is also indicated by the repeated appearance of certain molecular weight values obtained by mass spectrometry (GC-MS in high-temperature pyrolysis experiments). Structures I and 11, characterized in previous research (1953) (1954) (1955) (1956) , may be the basis of the development of fused ring structures at increasing temperature.
1.
Benzo[a]pyrene and benzo(e]pyrene are frequently reported to be present in tobacco smoke and they could possibly give rise to the formation of compounds analogous to cyclopenta[ cd]pyrene and a corresponding dihydro compound, but derived from the benzopyrenes. The molecular weights of such compounds would be 276 and 278, respectively, in agreement with those recorded in our pyrolysis experiments at high temperature (800-900 "C) with n-alkane, with neophytadiene, and also with phytol. Doubly charged ions in the mass spectra are very informative in the interpretation of the spectra of aromatic hydrocarbons. Some of the spectra contain several molecular weight figures. Characteristic mass spectral patterns correspond to the molecular weight recordings of stable aromatic structures. Each molecular weight figure may represent more than one structure. It may therefore be a future challenge to study on a greater scale pyrolysis products in detail, when pyrolysis of specific compounds is performed at high temperature (900-1000 "C). In Table 2 is recorded a typical list of molecular weights corresponding to pyrolysis products as they appear in our high-temperature experiments (700-950 "C) with n-alkanes and isoprenoid compounds and as they are known from tobacco smoke and from various pyrolysis studies at high temperatures (800-950 "C) (20, 21) based on MS data. Pyrolysis of toluene at 850 and 950 •c has revealed that a certain degree of decomposition occurs leading to the formation of benzene, indene, naphthalene, acenaphthene, acenaphthy-4 lene, fluorene and many other aromatic substances, which are apparently the same as those produced from n-alkanes and isoprenoid compounds by pyrolysis. The major part of the toluene came out unchanged under the present conditions which were not ideal as the toluene (being a liquid) had to be injected into the pyrolysis unit. Similarly acenaphthylene, which is another compound abundantly formed by pyrolysis of n-alkanes and isoprenoid compounds at high temperature (2, 11, 18) , was pyrolysed. The pyrolysis products from acenaphthylene resulted in a similar series of compounds to those produced by the aliphatic hydrocarbons, apparently showing a cleavage of the bonds in the five-carbon ring of acenaphthylene. The pyrolysis experiments with toluene and acenaphthylene were carried out in order to study the further decomposition and pyrosynthesis of aromatic hydrocarbons which are typical examples of aromatics formed by pyrolysis and pyrosynthesis of n-alkanes and branched-chain hydrocarbons at high temperature (6, 18) . 
